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Lowered pH conditions in aquatic environments can have a negative impact on 
many aquatic organisms. In fish it has been shown that acidic water conditions may 
result in altered gill morphology, reduced reproductive success, changes in locomotor and 
feeding behavior and even death. Juveniles and adults have been the primary focus of 
research. However, the larval stage is potentially the most sensitive to toxicity. It is also 
important ontogenetically as several crucial development thresholds, such as first feeding, 
occur during this period. 
The impact of acute low pH on feeding performance was investigated in larval 
fathead minnows one to fifteen days post-hatching. Each day, replicate sets of five larvae 
were exposed to each of three pH concentrations (4.5, 5-5, and 7.7) under various 
environmental conditions: (1) light conditions with live prey (LL), (2) light conditions 
with dead prey (LD), (3) dark conditions with live prey (DL) and (4) dark conditions 
with dead prey (DD). Each treatment regime was designed to isolate different sensory 
modalities available for prey capture. Temporal patterns in locomotor activity were 
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examined qualitatively using LOWESS and number of larvae feeding across days were 
analyzed using ANCOVA. 
Growth rates per day were statistically the same and within normal ranges for each 
batch of fish. Levels of locomotor activity were uncorrelated with feeding rates and were 
qualitatively different early vs. late in the larval period when food was present. There was 
no clear pattern in locomotor activity in the absence of food. pH had a significant 
negative impact on feeding success, although the nature of this effect varied with respect 
to test conditions. LD and DD treatments displayed heterogeneity of slopes among pH 
levels; at pH 4.5, the rate of increase in feeding activity across days was significantly 
depressed relative to other pH levels. LL and DL treatments were characterized by 
significant intercept differences among pH conditions; larvae exposed to pH 4.5 showed 
decreased feeding efficiencies relative to those at higher pH. 
Mechanoreception appeared to play a significant role in prey capture at pH 7.7, 
while photoreception contributed little. The removal of any sensory modality seemed to 
have an impact at pH 5-5, but the degree of impact depended on the sense that was 
eliminated. pH 4.5 appeared to strongly inhibit chemoreception; the data also suggest 
close coupling of chemoreception and mechanoreception in feeding. While it is evident 
that prey capture and feeding success in larval fish is complex, these data show clear 
impact of pH on feeding performance. These results point to the necessity for studies of 
acidification effects on larvae and suggest an approach by which aspects of sensory 
integration may be dissected. 
INTRODUCTION 
Acid precipitation and acidic water conditions that may result have been shown to 
have a detrimental effect on a range of aquatic organisms (Scott, 1989). Acidification of 
fresh waters has impacted plant communities through decreased species diversity, changes 
in phytoplankton community structure, and general increases in biomass of benthic plants, 
including mosses and filamentous algae (for a review, see Stokes, 1980). Crustacean 
zooplankton communities have shown similar impacts, particularly with respect to 
decreases in community complexity (Sprules, 1975; Siegfried et al., 1989). Newt embryos 
raised in acidic conditions hatch at smaller size and an earlier stage of development, and 
larvae grow to a smaller size (Griffiths et al., 1993). Newt larvae have also shown a clear 
suppression of feeding behavior at low pH (Griffiths, 1993). Fish may be affected by 
acidic water conditions both indirectly, due to impacts on organisms lower down the food 
chain (Davis and Ozburn, 1969; Sprules, 1975; Zischke et al., 1983), and directly, 
through disruption of physiological and/or developmental homeostasis (for review see 
MacDonald, 1983; Leino et al., 1987). 
A number of studies have demonstrated direct lethal and sublethal repercussions of 
low pH on fish. Exposure to acid conditions may induce changes in gill morphology (cf. 
Leino et al., 1987; Conklin et al., 1992; Munshi and Singh, 1992), increases in chloride 
cell populations (Norrgren et al., 1991; Conklin et al., 1992), and mucous cell 
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hyperplasia/hypertrophy (Daye and Garside, 1976; Zuchelkowshi et al., 1986; Munshi and 
Singh, 1992), all of which contribute to disruption of ionoregulatory capability, though 
these impacts may be reversible (Norrgren et al., 1991; Munshi and Singh, 1992). At the 
population level, egg survivability can be decreased in acidic waters (Trojnar, 1977; Holtze 
and Hutchinson, 1989), and those that survive may show increased hatching periods and 
often produce deformed embryos (Mount, 1973; Trojnar, 1977). Reproductive success 
may also be affected through reduced spawning activity (Mount, 1973; Zischke et al., 
1983). 
Fish behavior, manifest in both locomotor activity and feeding performance, may 
be affected by acidic conditions. Fathead minnows {Pimephales promelas), Arctic char 
{Salvelinus alpinus), and brook trout (5. fontinalis) have shown hyperactive responses to 
chronically low pH waters (Mount 1973; Jones et al., 1985; Smith and Haines, 1995), 
while Atlantic salmon (Salmo salar) displayed both increased and decreased locomotor 
activity (Lacroix et al., 1985; Smith and Haines, 1995). Responses to feeding stimuli and 
ingestive behavior may also be lower under these conditions (Lemly and Smith, 1985; 
Lacroix et al., 1985; but see Hill, 1989; Birge et al., 1993), although responses to alarm 
substances by fathead minnows appear relatively resistent to acute low pH (Smith and 
Lawrence, 1988). In general, behavior has proven to be more sensitive to chronically low 
pH than are physiological parameters (Diamond et al., 1990; Litde and Finger, 1990; 
Smith and Haines, 1995). 
While impacts of low pH have been clearly demonstrated on eggs, juveniles and 
adults, little work has concentrated on larval fishes. However, this stage is potentially 
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among the most sensitive to toxic effects (McKim, 1977; Daye and Garside, 1980; Rask, 
1984; Leino et al., 1987) and is also critically important from an ontogenetic perspective 
(Noakes and Godin, 1988). For example, behavioral integration of sensory systems in 
fathead minnows occurs during the larval period, and this transition is accompanied by 
the onset and ontogeny of feeding behavior (Salgado, 1992). In this species, first feeding 
must be accomplished during the critical period from larval days three to five in order for 
larvae to survive, and reduced levels of feeding throughout the larval period may result in 
lower growth rates (LaCroix et al., 1985; Hoyt, 1991). As such, exposure to low pH 
conditions during the larval period may produce impacts that may reduce viability of 
larvae themselves (Conklin et al., 1992) or affect growth and survival of fish in subsequent 
stages (Houde, 1987; Rose et al., 1993). 
To investigate the impact of acute low pH on larval fish, feeding performance of 
fathead minnows was investigated under different environmental conditions over the first 
15 days of life. Conditions were set up to allow pH effects on different sensory 
modalities available to larvae for prey capture (photoreception, mechanoreception, 
chemoreception) to be isolated. Three primary questions were addressed: (1) Does acute 
low pH have a significant impact on feeding activity of larvae? (2) If so, does the nature 
of this effect depend upon the conditions under which larvae are tested? (3) What 
biological factors (particular sensory systems, general locomotor activity) appear to be most 
strongly impacted by low pH? These results are discussed with respect to sensory 
integration, ontogeny of feeding behavior, and potential impacts of acute low pH on 
natural fish communities. 
MATERIALS AND METHODS 
Rearing Methods 
Reproductively-mature fathead minnows were obtained from brood stock 
maintained at Western Kentucky University. Two males and four to six females were 
housed in 20-40 1 glass aquaria at 25 ± 1° C on an LD 16:8 cycle. Fish were fed flake 
food and brine shrimp daily, and aquaria were supplied with PVC tiles to serve as 
substrates for egg-laying. Tiles were inspected for evidence of reproductive activity every 
two to three hours during the light period. 
Once eggs were observed, they were allowed to water harden for two hours, and 
then spawning tiles were placed in a 1 1 beaker containing 800 ml dechlorinated water 
and 100 ml 28% salt. After hatching, larvae were divided into six groups (N = 25-30) 
and placed into 1.4 1 rearing dishes supplied with airstones. Total length (TL) of five 
randomly-selected individuals was measured to the nearest 0.25 mm. Larvae were raised 
at 25+ 1° C on an LD 16:8 cycle (as per Klemm et al., 1993) and were fed freshly 
hatched brine shrimp twice daily at light/dark time (LDT; time after apparent dawn; 
Jacobshagen and Johnson, 1994) 0130 and 1100 (approximately 250 brine 
shrimp/fish/feeding). 
Experimental Design 
Four batches of fathead minnow larvae were tested for effects of acute low pH on 
feeding activity during their first fifteen days of life. Each batch was tested under three 
pH conditions (4.5, 5.5 and 7.7) under one of four sets of environmental conditions: (1) 
4 
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live food fed in the light (LL); (2) dead food fed in the light (LD); (3) live food fed in 
the dark (DL); and (4) dead food fed in the dark (DD). Environmental conditions were 
designed to challenge different sets of sense organs in the developing larvae (Fig. 1). 
For each of the first fifteen days of life, the following procedures were followed. 
Solutions of pH 4.5 and 5.5 were prepared by adding 0.1M hydrochloric acid to 
dechlorinated water; pH levels of these as well a control solution (pH approximately 7.7) 
were determined to the nearest 0.05 with the aid of an Accumet Model 5 pH meter. 
On the day preceding the test, two replicate sets of five fish were selected prior to the 
LDT 1100 feeding. Each set of test fish was chosen from a different rearing bowl in 
rotation, such that no fish would be tested sooner than every third day (though individual 
larvae were not necessarily selected that frequently). Sets of larvae were placed in 150 ml 
dishes and exposed to test pH solutions for approximately 15 hours before the feeding 
trial. Thirty minutes before testing (approximately LDT 0130), pH solutions were 
refreshed, test dishes were placed on camera stands, and fish were allowed to acclimate for 
15 minutes. For dark test conditions, larvae were placed in complete darkness for thirty 
minutes prior to placing dishes on camera stands. To record baseline levels of locomotor 
activity, sets of larvae were videotaped for five minutes in the absence of food using 
Panasonic WV-CD-20 light-sensitive cameras and infrared illumination (Batty, 1983) 
(which is outside the photoreceptive range for this species). One hundred freshly hatched 
brine shrimp (live or dead) were then added to each of the test dishes through funnels 
connected to neoprene tubing. For dead food trials, brine shrimp were sonicated for 40-
50 sec and then inspected under a dissecting microscope; only dead but intact 
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Figure 1. Sensory modalities available under each set of environmental conditions. 
LIGHT 
Light Dark 
FOOD 
Live 
Dead 
photoreception 
chemoreception 
mechanoreception 
chemoreception 
mechanoreception 
photoreception 
chemoreception 
chemoreception 
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brine shrimp were utilized. Sets of larvae were videotaped for ten minutes after food was 
added to the test dishes. 
At the end of each feeding trial, larvae were separated from test water and brine 
shrimp with a sieve cup, placed in a drop of water in a concave dish and examined under 
a dissecting microscope for evidence of food in the digestive tract. Fish having fasted 
overnight have empty digestive tracts (R. Hoyt, pers. obs.) and the presence of food 
material in the gut is easily observed. Fish were considered to have eaten if any food 
material was present in the gut. For each set of larvae, the number having eaten during 
the feeding trial was recorded. In some cases, larvae jumped out of test dishes during the 
trial; dishes containing fewer than five fish at the end of the trial were excluded from 
consideration. TL of five of the 30 test fish was measured to the nearest 0.25 mm, and 
all larvae were then returned to their respective rearing bowls. 
Locomotor activity in both the presence and absence of food was determined 
through frame-by-frame analysis of videotapes of each feeding trial. The lens plates of 
camera stands were divided into four 14.2 cm2 quadrants, and a 'movement' was scored 
each time a fish completely crossed a quadrant line. The total number of movements for 
a given set of larvae was recorded for each time interval examined; these data were 
converted to mean number of movements/fish/minute. Data from dishes containing 
fewer than five fish at the end of the trial were excluded. 
Data Analysis 
All statistical procedures were carried out using SYSTAT (Version 5.0 for 
Windows; SYSTAT, Inc., 1992). Feeding activity data (number of fish having eaten/dish) 
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across days and environment/pH conditions were square-root transformed to achieve 
linearity and reduce effects of asymptotic values common in the later days of the 
experiments. In statistical analyses of feeding activity (see below), larval day was square-
root transformed as well. Corresponding movement data (mean number of 
movements/fish/minute in the presence and absence of food) did not require 
transformation. 
To examine the relationship between locomotor and feeding activity, Spearmann 
rank correlation coefficents were computed between (1) locomotor activity in the presence 
and absence of food and (2) feeding and movement in the presence of food. In both 
comparisons, data were pooled across all days and pH levels for each of the four 
environmental conditions (LL, LD, DL, DD). Levels of significance were assessed based 
on Bonferroni-adjusted criteria. 
Temporal changes in levels of locomotor activity of larvae were examined 
qualitatively for each environmental condition x pH combination by plotting mean 
number of movements/fish/minute in each replicate test dish by larval day. To explore 
potential trends over the 15 day period, the time series was smoothed by Cleveland's 
(1979; Chambers et al., 1983) LOWESS method using an intermediate tension value of 
0.5. This smoothing technique describes a relation between X and Y given no a priori 
hypothesis of the function's shape (SYSTAT, Inc., 1992). 
Effects of both environmental condition (LL, LD, DL, DD) and acute pH (4.5, 
5.5, 7.7) on levels of feeding activity over the course of the experiment were examined 
separately with ANCOVA, using larval day (1 to 15) as the covariate. In each analysis, 
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slopes of the regression of the dependent variable (feeding activity or movement) by larval 
day were tested for homogeneity among factor levels. When slopes were found to be 
homogeneous among levels, tests for significant differences among means were carried out 
using ANCOVA. Pairwise differences in means among levels were tested for significance 
using Tukey's HSD multiple comparison test, which is a conservative approach that 
protects the Type I error rate across multiple tests. Preliminary two-way ANCOVAs of 
environmental and pH effects were rejected in favor of separate one-way analyses due to 
mixed results from the multiple interaction terms in homogeneity of slopes tests. This 
approach is a conservative one, as it increases error variance by excluding potential 
interaction effects. 
RESULTS 
Growth 
The four batches of larvae tested (under LL, LD, DL, and DD conditions, 
respectively) exhibited somewhat different growth histories (Table 1; Appendix 1); 
however, none of the test groups differed significantly at the end of the test period, and 
all were within normal parameters (Buynak and Mohr, 1979; Birge et al., 1993). 
Locomotor Activity 
Locomotor activity was highly variable througout the 15 day period ( Appendix 
2). Levels of locomotor activity in the presence and absence of food were significantly 
positively correlated when pooled across all treatments and pH groups (overall Spearmann 
r = 0.601, p < 0.001). Initial t-tests suggested the number of movements/fish/minute was 
significantly lower in the presence of food (t = 2.080, dF = 359, p = 0.038). However, 
similar tests done by trial indicated that this effect was driven by differences in the LD 
treatment; all other trials showed no significant decrease in the number of movements 
when food was introduced. Coefficients of variation were high (mean CV = 0.662) under 
all environmental conditions. Movements of larvae in the presence of food were largely 
uncorrelated with feeding activity; these two variables were positively correlated only in 
fish exposed to pH 5.5 (Spearmann r = 0.258, p = 0.026). 
Temporal changes in locomotor activity. Under eight of twelve treatment regimes, fish 
in the early days of the larval period exhibited movement patterns in the presence of food 
qualitatively different from those characterizing later days (Fig. 2). In these cases, 
10 
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Table 1. Growth parameters of larval fathead minnows. Data are given in mm as mean 
± 2 standard errors. Mean values are representative of five test fish lengths measured each 
day. 
Batch Size at hatching Size on day 15 Growth/day1 
LL 5.20 ± 0.24 12.30 ± 0.58 0.51 ± 0.12 
LD 4.35 ± 0.20 10.50 ±0 .91 0.47 ± 0.16 
DL 4.75 ± 0.16 12.75 ± 0.91 0.54 ±0 .15 
DD 4.90 ± 0.12 11.55 ± 1.36 0.44 ± 0.14 
'Mean of daily changes: 2 (Xt+1 - Xt0) 
12 
Figure 2. Patterns of locomotor activity in the presence of food under each of 12 
treatment regimes. Rows represent pH level; columns represent environmental condition. 
The x-axis for all plots is larval day. All abbreviations are as in text. Curves are based on 
LOWESS smoothing with a tension parameter of 0.5 (see text). 

13 
movement levels during the first three to six days were relatively constant or showed a 
decreasing trend; the early movements were followed by a pattern of increase in locomotor 
activity over the subsequent nine to 12 days. This dichotomy in locomotor activity levels 
was most evident under LL and DD conditions (Fig. 2), though the point of inflection in 
the activity curves appeared to be somewhat delayed in DD relative to LL. No such 
patterns were seen for any group in the absence of food. 
Feeding Activity 
First feeding occurred between larval days two and four in all environmental 
conditions (Table 2; Appendix 3). Maximum feeding (all test fish feeding) was achieved 
at all pH levels under both LL and DL conditions, and generally first occurred two to 
three days after first feeding; however, the onset of maximum feeding was delayed 
approximately eight days in DL at pH 4.5 relative to other LL/DL groups (to larval day 
13; Table 2). Maximum feeding under LD and DD conditions was only achieved at pH 
7.7 (at larval days nine and 11, respectively; Table 2). All groups displayed variation in 
levels of feeding activity throughout the 15 days of the experiment. In general, feeding 
activity across all environmental conditions was lower in fish exposed to pH 4.5 than in 
fish exposed to higher pH under the same conditions. 
Environmental condition effects on feeding. Fish within each pH group showed similar 
changes in their feeding activity among environmental conditions. At each pH, treatment 
levels (LL, LD, DL, DD) displayed homogeneity of slopes (F3>102 = 1 . 7 5 4 , p = 0 . 1 6 1 , 
F3il04= 2 . 3 8 7 , p = 0 . 0 7 3 , F3I10 = 2 . 3 5 8 , p = 0 . 0 7 6 , for pH 4 . 5 , 5 .5 and 7 . 7 , respectively; 
Fig. 3). Tests of differences among means within pH groups were each highly significant 
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Table 2. Age at first feeding and maximal feeding in larval fathead minnows by 
environment condition and pH. Age is expressed as days post-hatching. First feeding 
represents the day on which at least one larva fed in a given treatment regime. The time 
of maximal feeding is defined as the first day feeding was seen in all fish tested. Note 
that maximal feeding was not necessarily achieved on all subsequent days; treatment 
groups were characterized by variability in feeding success throughout the 15 days of the 
experiment. Dashes indicate that maximal feeding was never attained. 
Environment pH Age at first feeding Age max. feeding achieved 
LL 7.7 2 4 
5.5 2 6 
4.5 3 5 
LD 7.7 4 9 
5.5 4 -
4.5 4 -
DL 7.7 2 5 
5.5 3 5 
4.5 3 13 
DD 7.7 3 11 
5.5 4 -
4.5 4 -
15 
Figure 3. Temporal patterns of feeding activity among environmental conditions as a) pH 
7.7, b) pH 5-5 and c) pH 4.5. Lines represent least squares regressions of square-root 
transformed data. See text for descriptions of significant differences among treatment 
levels. 
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(F 3 i 1 05 = 16 .374 , p < 0 . 0 0 1 , F3,107 = 1 0 . 7 9 4 , p < 0 . 0 0 1 , F3,108 = 4 . 8 5 3 , p = 0 . 0 0 3 for pH 
4.5, 5.5, and 7.7, respectively). Pairwise comparisons indicated that, at pH 4.5 and 5.5, 
LL/DL treatments differed significantly from LD/DD conditions; at pH 7.7, DD was not 
significantly different from either LL/DL or LD. Fish in LL and DL treatments exhibited 
quantitatively similar patterns of feeding activity at each pH; LD and DD fish showed 
patterns similar to each other, but different from LL/DL patterns, at lower pH (Fig. 3). 
pH effects on feeding. Under all environmental conditions, patterns of feeding activity 
shown by fish exposed to pH 4.5 differed from those exposed to higher pH. In LL and 
DL trials, slopes were homogeneous among pH levels (F2 79 = 0 . 3 3 4 , p = 0 . 7 1 7 ; F2>74 = 
0 . 3 7 8 , p = 0 . 6 8 6 0 , respectively), but tests of differences among means of pH groups were 
highly significant (F2I81 = 8 . 7 4 8 , p < 0 . 0 0 1 ; F2I76 = 8 . 5 7 1 , p < 0 . 0 0 1 for LL and DL, 
respectively). Fish exposed to pH 4.5 showed uniformly lower feeding activity in LL and 
DL trials (Fig. 4a, c); pairwise comparisons showed that responses at this pH were 
significandy different than those at pH 5 .5 and 7 . 7 (p < 0 . 0 0 3 for all comparisons). By 
contrast, LD and DD trials displayed heterogeneity of slopes among pH levels (F2 84 = 
6 . 2 7 4 , p = 0 . 0 0 3 , F2I74 = 5 . 0 2 3 , p = 0 . 0 0 9 , respectively). Fish exposed to pH 4 . 5 
exhibited less increase in feeding activity over the 15 day experiment (Fig. 4b, d). 
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Figure 4. Temporal patterns of feeding activity among pH levels under a) LL, b) LD, c) 
DL and d) D D conditions. Lines represent least squares regressions of square-root 
transformed data. See text for descriptions of significant differences among treatment 
levels. 
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DISCUSSION 
The results of this study indicate that acute low pH has a significant impact on 
feeding performance of larval fathead minnows. This effect cannot be accounted for by 
changes in differences in locomotor activity among pH groups; feeding and locomotor 
activity were largely uncorrelated. Further, the nature of the pH impact on feeding 
varied with respect to environmental conditions under which larvae were tested. This 
variation suggests that low pH differentially affects the sensory modalities available for 
prey capture. These results have implications with respect to the sensory components and 
ontogeny of feeding behavior in fathead minnows as well as to larger issues concerning the 
potential for negative impacts of acute low pH on natural fish communities. 
Ontogeny of Locomotor Activity 
In the presence of food, patterns of locomotor activity early in the larval period 
appeared to differ from those seen later. Under the majority of treatment regimes, an 
initial decline in activity was followed by an increase in movement levels over time. An 
initial decrease followed by an increase in movement is in contrast to prior observations 
and suggests that activity generally increases with age (Blaxter, 1986; Noakes and Godin, 
1988). However, baseline behavioral data for larval fathead minnows are extremely 
limited (Drummond et al., 1986), and thus these generalities are likely derived from 
interpretations of overall trends rather than systematic analyses of temporal transition data. 
In LL trials, the point of inflection of the movement patterns occurred between 
the third and fifth larval day. Although a similar pattern was seen in DD, the change in 
activity levels appeared delayed, occurring around day six of the test period. The break 
18 
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points in movement seen here coincide with or directly follow the critical period for this 
species, during which time larvae must successfully feed in order to survive. The different 
movement patterns suggest that, during the critical period, locomotor activity may become 
driven by the motivation to feed (Blaxter, 1986; Noakes and Godin, 1988); prior to this 
point, activity may be unfocused or associated with another motivational context such as 
fear (Godin, 1978; Hoyt, 1991). 
Motivational coalescence, the focusing of movement toward the goal of acquiring 
prey, of locomotor activity is further supported by greater similarities among treatment 
regimes having common environment conditions as opposed to those sharing the same 
pH level (Fig. 2; compare columns vs. rows). In fact, pH appears to have a limited 
impact on activity patterns, despite prior assertions that swimming behavior may be a 
particularly sensitive indicator of toxicity (Diamond et al., 1990; Little and Finger, 1990; 
Smith and Haines, 1995). Fathead minnows have been described as a pH tolerant species 
(Carlender, 1969), and pH values used here are well within lethal limits (Mount, 1973; 
Hill, 1989; Birge et al., 1993). Nevertheless, exposure to pH 6.0 over a span of years is 
sufficient to cause extinction of fathead minnow populations (Schindler et al., 1985), and 
significant impacts have been demonstrated experimentally at such pH levels (Mount, 
1973; Zischke et al., 1983; Lemly and Smith, 1985, 1987). 
Several previous experiments have also hinted at the existence of such a temporal 
dichotomy in activity levels (Hoyt, unpubl. data). Combined with these anectdotal 
observations, the results presented here are suggestive, but should nevertheless be evaluated 
with caution. The analytical method employed is strictly qualitative; the shape (and thus 
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potentially the interpretation) of the activity curves is influenced by the parameter values 
employed in the smoothing procedure (SYSTAT, Inc., 1992). Further investigations are 
necessary to confirm or refute the hypothesis of motivational coalescence in locomotor 
activity during the critical period, as well as to test the effects of acute low pH on 
locomotor activity of larvae. 
Sensory Modulation of Feeding Performance 
At pH 7.7, feeding performance of larvae varied with respect to environment 
conditions. Fish in LL and DL trials showed similar rates of increase in feeding activity 
over the larval period, while patterns of LD differed from those under LL/DL; responses 
of DD larvae could not be statistically differentiated from either of these groups, though 
the pattern was qualitatively more similar to that shown under LD (Fig. 3a). In general, 
LD/DD fish showed reduced feeding success early on relative to LL/DL larvae. Reduced 
feeding success can be seen in the lower intercept but greater slope of LD/DD lines (Fig. 
3a). A primary difference between LL/DL and LD/DD was that, in LD/DD, 
mechanoreception was unavailable to larvae for use in locating prey. The difference in 
feeding performance of larvae tested with live versus dead food seems to indicate that 
under normal conditions, mechanoreception plays a key role in acquiring food (at least 
early in the larval period), while photoreception is of much lesser importance. 
Chemoreception was available to larvae under all conditions, so its relative contribution 
cannot be ascertained directly (but see below). 
Fathead minnows have been described as predominately visual feeders (Birge et al., 
1993); this interpretation is based at least in part on the fact that the eyes are large, 
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heavily pigmented and (presumably) functional at hatching (Buynak and Mohr, 1979; 
Klemm et al., 1993). Further, Hoyt and Abdul-Rahim (1991) speculated that 
mechanoreceptors alone might be incapable of locating live prey in the dark. However, in 
this and another study (Salgado, 1992), larvae fed live food in the dark were as successful 
as those fed live food in the light, thereby suggesting that either (1) the combination of 
mechanoreception (M) and chemoreception (C) can compensate for the lack of 
photoreceptive (P) capacity, or (2) photoreception in fact plays a limited role in early 
feeding success. The finding that performance of larvae in DL was reduced relative to 
those under LD supports the latter interpretation; if mechanoreception and 
chemoreception were compensatory, these responses should be equivalent (that is, M + C 
should equal P + C, which it does not). 
Salgado (1992) also found fathead minnow larvae to feed successfully in the 
absence of visual cues and implicated mechanoreception and chemoreception in early 
feeding success. As in many teleosts (Blaxter, 1986; Noakes and Godin, 1988), 
neuromasts are present and functional in fathead minnows at hatching (Kokkala and 
Hoyt, unpublished data), though their role in larval feeding in this and other species is 
problematic (Atema, 1980; Iwai, 1980; Bleckmann, 1989; Blaxter and Fuiman, 1990). 
Chemoreception is also possible in early larvae (Iwai, 1980; Blaxter, 1986; Lemly and 
Smith, 1987; Noakes and Godin, 1988) and in fact may be essential to successful feeding 
(Iwai, 1980; Atema, 1980; Lemly and Smith, 1987; Blaxter, 1988) and/or predator 
detection and avoidance (Smith and Lawrence, 1988; Chivers and Smith, 1993). If 
mechanoreception and chemoreception are central to prey location by larval fathead 
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minnows, it may be possible to evaluate the relative contribution of each modality by 
considering the effect of low pH on feeding success. 
Effects of Acute Low pH on Feeding Performance 
In fish exposed to pH 5-5, patterns of feeding activity for LL, LD, and DD trials 
were similar to those seen at pH 7.7. By contrast, DL fish showed reduced feeding 
activity initially, and their rate of increase was similar to that of LD/DD larvae (Figure 
3b). Thus it appears that the removal of any sensory modality has an impact at this pH, 
but the degree of impact depends on the particular sense that is eliminated; removal of 
mechanoreception has a greater impact on feeding than does removal of photoreceptive 
capacity (Fig. 3b; compare DL to LD/DD). This observation suggests that pH 5.5 
interferes with sensory processing in those modalities that remain. 
Two possibilities exist to account for these observations. First, either 
mechanoreception or chemoreception may be completely eliminated at pH 5.5. 
Alternatively, one or the other of these modalities may be partially impacted. The former 
explanation seems unlikely for two reasons: (1) if mechanoreception were completely 
eliminated, feeding performance of LL larvae at pH 5.5 would be expected to decline 
relative those at pH 7.7, as photo reception appears unable to compensate for a loss of 
mechanorecption (see above), and DL fish should be equivalent to DD; (2) if 
chemoreception were fully eliminated, DD fish would be expected to show much reduced 
feeding success, as they would have no sensory modalities remaining to facilitate prey 
acquisition. Neither of these situations occurred. Given that the impact of pH 5-5 is 
partial, the results are consistent with the hypothesis that mechanorecption is the sense 
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that is affected. However, consideration of feeding success of larvae at pH 4.5 suggests 
that the situation is more complex. 
Feeding success in general was lower under all environmental conditions at pH 4.5 
relative to higher pH, and patterns of feeding activity differed from those of fish in higher 
pH groups (Figure 3c). In particular, feeding performance of larvae in LD and DD were 
not equivalent; early feeding was lower in DD. Analogously, early performance of DL 
larvae was depressed relative to LL. These results suggest that at pH 4.5, photo receptive 
capacity (in LL and LD) provides some advantage to larvae in terms of prey capture, and 
thus the removal of any sensory input under the various environment conditions appears 
to have a negative impact on successful capture of prey. Further, this effect appears to be 
compounded as additional modalities are removed. 
The substantial drop in the rate of increase in feeding acquisition by fish in DD 
and the separation in feeding performance between LD and DD trials supports the 
hypothesis that chemoreception, rather than mechanoreception, is the sensory modality 
most impacted by lower pH conditions. When chemoreception was the only sense 
putatively available (in DD), feeding success at pH 4.5 was poor (Fig. 3c), and groups of 
larvae never achieved maximum feeding (Table 2). As such, chemoreception may be 
totally eliminated at pH 4.5. The capacity for photoreception in LL and LD may provide 
some amelioration of this impact. Photoreception may be more beneficial when 
chemoreception is unavailable (at pH 4.5) than when it is at least partially active (at pH 
5.5 and 7.7). Mechanoreception is still implicated in prey capture success at pH 4.5, in 
that it may account for the parallel sets of trends shown by LL/DL and LD/DD groups 
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(Fig. 3c). 
The hypothesis that acute low pH primarily impacts chemoreception is more 
apparent when feeding performance among groups is viewed by environmental condition 
(Fig. 4). Under all conditions, larvae exposed to pH 4.5 were less successful than those at 
higher pH. Chemoreception is the only sensory modality common to all of these groups, 
suggesting that it is the sense directly impacted by low pH. Despite the generally 
impaired performance of pH 4.5 larvae, the nature of the effect of pH is qualitatively 
different in LL/DL versus LD/DD groups (Fig. 4). In LL/DL, pH 4.5 appears to 
suppress feeding success throughout the larval period, as the slopes of the response curves 
are homogeneous among pH levels (Fig 4a, c). By contrast, pH 4.5 seems to have a 
greater impact on feeding success of LD/DD fish later in the larval period; the slopes in 
these cases are divergent (Fig. 4b, d). The reasons for this pattern are unclear, though 
any explanation must involve some interaction between chemoreception and 
mechanoreception. 
Acidification has previously been shown to significantly affect the ability of adult 
fathead minnows to detect and/or respond to chemical feeding stimuli under both acute 
and chronic conditions (Lemly and Smith, 1985, 1987). In these studies, pH 6.0 was 
sufficient to eliminate behavioral responses to minimal essential media, though visually-
directed feeding continued (Lemly and Smith, 1985, 1987). Lemly and Smith (1985, 
1987) suggested that low pH resulted in reversible inhibition of chemoreceptors through 
increased production of mucous and deposition at the site of stimulus-receptor interaction, 
and that pH 6.0 represented a threshold level of acidification. The results presented here 
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are consistent with the mechanistic hypothesis of Lemly and Smith (1985, 1987) but 
suggest that the threshold for chemoreceptive inhibition is significantly lower in larvae. 
Birge et al. (1993) suggested that prey-directed chemoreception was inhibited in juvenile 
fathead minnows at pH 5.0 and 4.5. Similarly, Jones et al. (1985) demonstrated 
suppression of chemo-orientation in arctic char at pH 4.75 and 4.5. In another context, 
Chivers and Smith (1993) found acidification to inhibit chemical detection of sympatric 
predators by fathead minnows; however, Smith and Lawrence (1988) saw no impact of 
low pH on ability of fathead minnows to react to alarm pheromones, though they were 
careful not to conclude that pheromone communication is resistant to pH effects. It may 
be that the magnitude of impact of low pH may be somewhat dependent on both 
developmental stage as well as behavioral context. 
Beyond direct pH inhibition of chemoreception, experiments involving 
streptomycin-induced ablation of mechanoreceptors have suggested a synergistic 
interaction between mechanoreception and chemoreception; feeding performance of 
sensory-ablated larval fathead minnows was severely reduced under both LD and DD 
conditions, when mechanoreception is obviated by feeding dead prey (Hoyt, 1991). In 
this case, feeding success was greater in LD than in DD, supporting the contention that 
photoreception may be advantageous when other sensory modalities are completely 
eliminated. Further, the results indicating differential patterns of impact of pH 4.5 are 
consistent with the idea of close coupling between chemoreception and mechanoreception 
in prey location and capture. 
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Implications for Natural Communities 
Interference with normal chemosensory responses would reduce the ability of 
fathead minnows and other fishes to perceive environmental stimuli critical for long-term 
survival, and could potentially lead to elimination of populations from acidified water 
bodies (Lemly and Smith, 1985). As such, it is important to consider the applicability of 
the results presented here to acidification of natural communities. Acid rain seems to be a 
leading cause in the low pH values seen in many water bodies. Due to seasonal 
precipitation and run-off, extreme pH spikes can occur that may only last for short 
periods of time (Trojnar 1977; Norrgren et al., 1991; Conklin et al., 1992). If such 
spikes coincide with sensitive developmental or reproductive periods, significant impacts 
could be manifest which impact fish populations over the long term (LaCroix et al., 1985; 
Hutchinson et al., 1989). As such, acute testing is not only appropriate but also a 
necessary component for understanding the role of acidification on fish population 
dynamics. Larval stages may be particularly sensitive to acid stress (Daye and Garside, 
1980; Rask, 1984; Leino et al., 1987), as behavioral and sensory integration occurs during 
this period (Noakes and Godin, 1988; Salgado, 1992). This observation suggests both a 
warning to and an opportunity for researchers: while the impact of low pH (both acute 
and chronic) on larval fishes cannot be ignored nor necessarily extrapolated from studies 
on juvenile or adult specimens, time series investigations of such effects on larvae may 
provide insight into the sensory and developmental mechanisms underlying the growth 
and behavioral ontogeny of the species under study. 
APPENDIX 
Appendix 1. Total lengths from hatching to day 15 of life for each of four batches of fathead minnows. Data are given in mm as 
mean + 1 SD. Mean values are representative of five test fish lengths measured each day. 
LL LD DL DD 
DAY MEAN+SD RANGE MEAN+SD RANGE MEAN+SD RANGE MEAN+SD RANGE 
0 5.20+ .27 5.00-5.50 4.35± .22 4.00-4.50 4.75± .18 4.50-5.00 4.90+ .14 4.75-5.00 
1 5.30+ .27 5.00-5.50 4.80+ .21 4.50-5.00 5.05± .33 4.50-5.25 5.20+ .27 4.75-5.50 
2 5.60± .42 5.00-6.00 4.95+ .21 4.75-5.25 5.45+ .45 5.00-6.00 5.60+ .29 5.25-6.00 
3 6.20+ .27 6.00-6.50 5.50+ .31 5.25-6.00 6.10+ .38 5.50-6.50 5.65+ .29 5.25-6.00 
4 6.35± .42 6.00-7.00 5.20+ .21 5.00-5.50 6.05+ .78 5.25-7.00 6.00+ .31 5.50-6.25 
5 7.10+ .14 7.00-7.25 5.60+ .38 5.25-6.00 6.35+ .55 5.50-7.00 6.30+ .37 5.75-6.75 
6 7.45± .37 7.00-8.00 5.95+ .37 5.50-6.50 7.45± .69 6.75-8.25 7.00+ .31 6.50-7.25 
7 8.25± .25 8.00-8.50 5.90+ .72 5.25-7.00 7.95+ .76 7.00-9.00 7.30+ .37 6.75-7.75 
8 8.90+ .14 8.75-9.00 7.05+ .37 6.50-7.50 8.40+ .38 8.00-9.00 8.15+ .65 7.25-9.00 
9 9.45+ .41 8.75-9.75 7.35± .80 6.25-8.50 8.90+ .72 8.25-10.00 8.75+ .71 8.00-9.50 
10 10.00+ .50 9.25-10.50 8.20+ .89 7.25-9.25 9.60+ .93 8.25-10.75 8.95+ .82 7.75-10.00 
11 10.55± .45 10.00-11.00 8.65+ .70 7.50-9.25 9.75+ 1.0 8.50-11.00 9.70+ .93 8.50-10.75 
12 11.50+ .53 10.75-12.00 9.50+ .92 8.50-11.00 10.60+ 1.2 9.00-11.50 9.75+ 1.0 8.50-11.00 
13 12.10+ .49 11.50-12.75 10.00± .64 9.50-11.00 11.25+ .56 10.50-12.00 10.60+ .52 10.0-11.25 
14 12.60+ .29 12.25-13.00 9.90+ 1.0 8.75-11.00 12.15+ 1.3 10.75-14.00 11.05+ 1.2 9.50-12.50 
15 12.30+ .65 11.25-13.00 10.50+ 1.0 9.25-12.00 12.75± 1.0 11.25-13.75 11.55+ 1.5 9.00-12.75 
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Appendix 2. Movements per fish per minute with and without food by day in various 
treatment regimes. Values represent mean and ranges pooled across replicate dishes. 
4.5 5.5 7.71 
DAY W/O F W/F W/O F W/F W/O F W/F 
1 3.23 7.69 .29 6.64 2.76 5.66 
range 0-6.45 4.02-11.35 .15-.42 5.28-7.99 2.24-3.27 2.73-8.58 
2 2.55 8.28 6.12 5.32 7.55 7.19 
range 1.35-3.75 7.99-8.56 3.10-9.14 4.44-6.20 5.98-9.12 5.21-9.16 
3 1.98 1.39 4.51 1.25 8.99 1.70 
range 1.41-2.54 1.29-1.49 2.37-6.65 1.17-1.32 6.34-11.63 1.38-2.01 
4 2.13 3.17 2.47 3.03 10.57 1.56 
range 1.56-2.61 2.68-3.66 1.53-3.40 2.36-3.70 6.04-15.10 1.53-1.59 
5 1.45 3.25 3.01 2.41 6.16 2.60 
range 1.03-1.87 1.98-4.51 2.48-3.54 1.91-2.91 5.91-6.40 2.39-2.81 
6 3.33 3.02 5.46 4.35 6.89 3.97 
range 1.87-4.79 2.53-3.50 2.46-8.45 3.12-5.58 6.46-7.32 3.55-4.38 
7 5.73 5.30 3.64 4.23 6.73 4.78 
range 5.28-6.17 5.04-5.55 3.18-4.10 4.11-4.34 5.81-7.65 4.31-5.24 
8 3.17 4.08 4.78 7.57 9.21 5.64 
range 2.42-3.92 3.59-4.56 4.64-4.91 6.84-8.29 8.79-9.62 5.27-6.01 
9 4.08 5.82 4.72 4.96 15.51 5.04 
range 3.0-5.16 4.28-7.36 1.85-7.59 3.09-6.83 12.37-18.65 4.91-5.17 
10 5.18 4.23 4.60 4.43 11.20 6.49 
range 3.67-6.69 3.30-5.16 4.38-4.81 4.30-4.56 7.54-14.85 6.48-6.50 
11 4.94 6.22 3.54 5.26 7.91 4.76 
range 3.69-6.18 3.64-8.79 2.38-4.69 5.08-5.44 7.73-8.08 3.97-5.55 
12 5.04 5.86 4.90 5.62 4.01 2.70 
range 4.59-5.48 5.01-6.70 4.52-5.28 4.80-6.44 2.20-5.81 2.26-3.14 
13 6.83 5.21 4.45 6.62 5.26 6.75 
range 6.06-7.59 4.31-6.11 3.35-5.5 4 3.85-9.38 5.16-5.35 5.83-7.67 
14 3.12 5.25 6.16 7.96 4.68 7.59 
range 2.44-3.80 4.97-5.52 5.85-6.47 7.69-8.22 3.45-5.90 6.03-9.15 
15 4.29 5.00 3.33 4.83 5.91 4.90 
range 4.20-4.38 4.48-5.52 2.92-3.73 3.56-6.10 4.85-6.97 4.68-5.12 
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Appendix 2. Continued. Movements per fish per minute with and without food. 
LD 
1 1.23 1.23 .77 .75 .51 .92 
range 1.01-1.44 .96-1.50 .46-1.08 .65-.84 .50-.51 .57-1.27 
2 1.64 1.77 .72 1.20 2.58 2.47 
range .23-3.04 .27-3.26 .34-1.09 .75-1.64 2.19-2.96 1.26-3.68 
3 .77 .54 .91 1.27 1.88 1.93 
range .43-1.11 .38-.69 .78-1.04 .99-1.55 1.77-1.99 1.53-2.32 
4 3.19 1.36 .24 .38 2.39 1.04 
range 3.17-3.20 .69-2.03 .04-.43 .19-.56 1.37-3.41 .94-1.14 
5 1.29 1.38 1.63 1.13 2.44 .63 
range 1.21-1.37 .94-1.82 1.41-1.85 .71-1.54 2.40-2.48 .61-.65 
6 1.26 1.17 2.73 1.05 5.77 1.03 
range 1.18-1.33 .84-1.49 2.39-3.06 .71-1.39 4.67-6.87 .35-1.71 
7 1.61 1.00 1.06 1.31 4.93 .87 
range 1.28-1.93 .50-1.50 .59-1.53 .96-1.66 4.29-5.57 .71-1.02 
8 1.01 1.48 3.59 1.86 5.68 1.84 
range .59-1.42 1.42-1.53 2.78-4.39 1.07-2.65 4.35-7.00 1.45-2.23 
9 4.37 2.59 2.04 1.77 5.68 2.27 
range 3.78-4.96 2.15-3.02 1.95-2.12 1.19-2.34 5.18-6.18 1.80-2.73 
10 .95 1.78 3.01 1.70 10.02 2.65 
range .91-.98 1.49-2.06 2.28-3.74 1.45-1.95 7.28-12.75 2.45-2.85 
11 2.68 2.39 4.82 3.31 6.55 3.38 
range 1.86-3.50 1.77-3.00 3.92-5.72 2.49-4.12 4.18-8.91 3.08-3.67 
12 4.00 3.61 4.71 3.72 1.62 2.89 
range 1.90-6.09 1.95-5.27 4.18-5.23 3.29-4.15 1.48-1.75 2.63-3.14 
13 4.58 3.70 2.98 2.53 4.62 2.15 
range 3.49-5.67 3.66-3.73 2.62-3.34 2.30-2.7 6 3.79-5.45 2.07-2.23 
14 4.08 3.23 3.68 2.65 5.21 4.52 
range 3.05-5.11 2.77-3.69 3.51-3.85 1.95-3.35 3.18-7.24 3.35-5.68 
15 4.31 2.52 4.31 4.45 3.80 4.63 
range 3.66-4.96 2.07-2.96 3.96-4.66 4.44-4.46 3.55-4.04 3.86-5.40 
31 
Appendix 2. Continued. Movements per fish per minute with and without food. 
DL 
1 .99 1.33 1.35 2.19 1.74 1.61 
range .70-1.27 .90-1.75 .88-1.82 1.77-2.60 1.20-2.27 .25-2.97 
2 1.00 1.63 1.64 4.20 3.57 3.55 
range .94-1.05 1.29-1.96 1.29-1.99 3.97-4.42 2.29-4.85 3.53-3.57 
3 1.95 1.64 4.07 3.14 3.95 1.82 
range 1.66-2.23 1.55-1.72 2.94-5.19 2.72-3.56 1.37-6.53 1.25-2.39 
4 1.68 1.49 1.66 1.60 1.38 .86 
range 1.65-1.70 1.24-1.7 4 1.46-1.86 1.47-1.72 .94-1.82 J6- .96 
5 2.86 2.22 1.84 2.24 2.71 1.36 
range 2.58-3.13 2.07-2.36 1.38-2.30 2.24-2.24 2.57-2.84 1.26-1.45 
6 1.76 2.34 1.61 2.25 4.21 2.08 
range 1.44-2.07 1.76-2.92 1.35-1.87 1.94-2.55 2.42-6.00 1.61-2.54 
7 2.19 2.86 2.08 2.20 3.33 2.65 
range 1.36-3.02 1.75-3.96 1.67-2.48 1.61-2.78 2.22-4.43 2.30-2.99 
8 2.56 3.54 5.40 7.71 4.22 3.35 
range 1.94-3.17 2.28-4.79 3.10-7.69 7.45-7.96 2.50-5.94 1.92-4.77 
9 3.01 3.12 4.97 5.57 3.60 2.53 
range 2.59-3.43 2.67-3.57 3.30-6.64 4.32-6.81 3.34-3.85 2.26-2.79 
10 3.25 2.86 3.13 3.96 3.63 3.19 
range 3.12-3.38 2.76-2.96 3.04-3.22 2.87-5.04 3.17-4.08 2.60-3.78 
11 2.34 3.21 5.98 6.64 5.20 6.12 
range 2.26-2.42 2.91-3.51 5.43-6.53 6.52-6.76 4.36-6.04 4.51-7.72 
12 5.01 4.91 8.90 10.97 7.00 3.86 
range 3.11-6.90 3.34-6.47 6.24-11.55 9.86-12.07 6.58-7.42 3.16-4.55 
13 4.24 5.17 4.09 4.75 6.39 4.08 
range 3.75-4.72 4.02-6.31 3.13-5.05 4.14-5.35 4.72-8.05 3.47-4.68 
14 4.75 5.64 6.34 7.09 5.16 5.26 
range 4.06-5.44 5.20-6.07 5.78-6.90 5.43-8.75 3.95-6.36 5.08-5.44 
15 5.76 4.98 6.35 8.86 5.52 5.08 
range 5.15-6.3 6 3.69-6,27 3.84-8.86 5.25-12.47 4.15-6.89 4.77-5.38 
Appendix 2. Continued. Movements per fish per minute with and without food. 
D D 
1 .33 1.97 1.72 4.45 1.54 2.67 
range .25-.41 .22-3.72 1.27-2.16 3.98-4.92 .73-2.35 .85-4.48 
2 .95 3.05 3.06 4.03 .92 2.85 
range .41-1.48 2.95-3.15 2.37-3.74 3.45-4.61 .36-1.47 1.99-3.70 
3 1.69 1.60 1.77 1.79 4.54 3.94 
range 1.34-2.03 1.39-1.81 1.07-2.46 1.42-2.16 3.71-5.37 3.21-4.67 
4 2.28 2.56 2.13 2.57 2.88 3.04 
range .86-3.70 2.51-2.61 1.66-2.60 2.48-2.66 2.74-5.01 2.08-3.99 
4.09 3.32 3.71 2.49 3.89 2.55 
range 4.01-4.16 2.86-3.78 3.37-4.04 1.60-3.37 1.67-6.10 1.73-3.37 
6 2.11 2.07 4.75 2.10 2.77 2.51 
range 1.34-2.87 1.59-2.55 3.28-6.22 1.87-2.33 1.79-3.74 1.48-3.54 
7 3.82 2.45 3.12 3.20 4.06 2.74 
range 3.38-4.26 2.42-2.48 2.70-3.54 2.67-3.72 3.13-4.98 2.25-3.23 
8 2.34 2.43 3.85 4.72 4.90 2.43 
range 1.69-2.98 1.92-2.94 3.44-4.26 4.01-5.43 1.68-8.11 1.94-2.92 
9 5.45 4.28 6.46 5.13 4.94 4.95 
range 4.51-6.39 3.51-5.05 4.56-8.35 4.64-5.62 3.86-6.02 3.95-5.95 
10 4.40 4.30 3.93 3.81 5.59 4.32 
range 3.88-4.91 3.87-4.72 2.75-5.11 2.66-4.96 5.17-6.00 4.18-4.45 
11 3.64 4.24 5.31 7.45 8.68 5.98 
range 3.39-3.88 3.34-5.13 5.19-5.42 6.05-8.85 8.57-8.78 5.09-6.87 
12 5.11 5.60 9.17 9.69 6.34 8.37 
range 3.28-6.93 4.27-6.92 7.18-11.16 9.09-10.29 3.65-9.02 6.09-10.64 
13 5.66 6.85 5.94 7.23 8.69 6.99 
range 4.99-6.33 4.14-9.55 3.97-7.90 5.05-9.40 7.90-9.48 6.27-7.70 
14 6.17 7.35 5.59 8.80 9.89 11.21 
range 5.56-6.77 7.29-7.41 4.05-6.67 7.46-10.13 8.35-11.42 9.30-13.11 
15 7.19 6.01 7.95 10.66 9.47 8.73 
range 6.42-7.95 4.01-8.01 4.84-11.05 10.55-10.77 7.26-11.68 7.01-10.45 
Appendix 3. Summary of feeding activity by treatment regime and day. Values represent the number of fish feeding out of ten unless 
odierwise noted. 
DAY 
LL 
4.5 5.5 7.7 
LD 
4.5 5.5 7.7 
DL 
4.5 5.5 7.7 
DD 
4.5 5.5 7.7 
1 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 4 2 0 0 0 0 0 2 0 0 0 
3 6 8 7 0 0 0 4 7 7 0 0 1 
4 7 9 10 4 1 4 2 9 6 1 4 7 
5 10 9 10 1 7 7 6/9 10 10 0 5 4 
6 9 10 10 3 9 9 7 9 10 2 5 9 
7 2 6 9 3 4 9 7 9 9 1 4 7 
8 3 10 10 4 8 8 4 10 10 2 5 9 
9 6 10 10 0 5 10 7 10 10 1 8 8 
10 6 10 10 6 8 8 7 10 10 1 7 8 
11 7 9/9 10 5 9 8 4/9 7/9 9/9 1 9 10 
12 3 7 8 3 6 10 6 9/9 10 2 8 9 
13 4 9 7/9 1 7 10 9/9 9/9 10 4/9 6/8 9 
14 7/9 10 9/9 1 6 9 7 9/9 9/9 3/9 6/9 7/8 
15 7/9 9 10 1 7 7 9/9 10 10 4/8 7 6/8 
OJ OJ 
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